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The ﬂea beetles Phyllotreta cruciferae (Goeze) and Phyllotreta striolata (F.) (Coleoptera: Chrysomelidae)
are serious pests infesting canola (Brassica napus L.; Brassicales: Brassicaceae) in the Northern Great
Plains of the United States. In Montana, P. cruciferae is the only ﬂea beetle species that attacks canola
during the crop growing stage. Management of P. cruciferae is usually focused on treating adults feeding
on canola seedlings, which is the stage most vulnerable to ﬂea beetle damage. In the Golden Triangle area
in Montana, canola growers traditionally use seed treatments or calendar based spraying to control
P. cruciferae. Here, we compared calendar-based spraying with seed treatment and threshold-based
treatment. The experiment treatments included threshold levels (15e20, 25, 45% of leaf area
damaged), calendar based sprays (15, 30 and 45 day intervals after plant emergence), seed treatments
(imidacloprid), and untreated controls. The trials were done at two locations (Conrad and Western
Triangle Agricultural Research Center). We found that calendar-based spraying at a 15-day interval did
not differ signiﬁcantly in yields from threshold-based treatment at 15e20% leaf damage. Also, the seed
treatment did not give signiﬁcantly higher yields compared to calendar-based sprays. A negative cor-
relation was detected between leaf damage and yield in each treatment. Overall, calendar-based and
threshold-based treatments were most effective in improving yields. However, treatment made at the
threshold of 15e20% leaf area damage is recommended in order to reduce the number of chemical
applications and also to reduce the possibility of selecting for resistance in ﬂea beetles.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Canola (Brassica napus L.; Brassicales: Brassicaceae) is an
important oilseed crop in North America, where it is grown mostly
in western Canada and the northern central United States, espe-
cially the northern Great Plains, including Montana (Knodel and
Olson, 2002). Flea beetles (Coleoptera: Chrysomelidae) are major
insect pests infesting canola in North America. Each year, yield
losses due to ﬂea beetle damage have been estimated to be tens of
millions of U.S. dollars (Burgess, 1977; Lamb and Turnock, 1982;
Madder and Stermeroff, 1988). In the Golden Triangle area in
Montana (an area known for its ideal climatic conditions for: 1 406 278 7797.
).
anich Rd., Hat Yai, Songkhla
ers University, 96 Lipman Dr.,
Ltd. This is an open access article ugrowingwheat of exceptionally high quality; the three points of the
Golden Triangle in north-central Montana are Havre, Conrad, and
Great Falls), the crucifer ﬂea beetle Phyllotreta cruciferae (Goeze) is
the most important ﬂea beetle species attacking canola crops
(Reddy et al., 2014). The insects survive throughoutwinter as adults,
primarily in the leaf litter and turf of shelterbelts, and emerge in the
spring to injure canola seedlings (Burgess, 1977, 1981). Adult
P. cruciferae feed on cotyledons and developing leaves and stems of
seedlings, leading to loss of photosynthetic capability and ﬁnally
plant death (Westdal and Romanow, 1972). Feeding starts at the
ﬁrst 2 weeks after beetle emergence, and produces a shot-hole
appearance and necrosis (Knodel and Olson, 2002).
Insecticide application is the main approach for P. cruciferae
management in canola (Lamb, 1988), and more than 90% of the 5
million ha of canola in North America are treated with insecticides
(Waite et al., 2001). Typically, insecticide applications are made tar-
geting adults in early spring when the canola crop is at the seedling
stage, which is the most vulnerable to P. cruciferae injury (Thomas,
2003). While foliar sprays of chemical insecticides are effective innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Number of days after plant emergence at which a chemical treatment was imposed after getting the estimated nominal threshold level of mean cumulative percentage of
damage in comparison to calendar-based chemical sprays, seed treatment on canola.
Treatment WTARC location Conrad location
Day at which a treatment imposed No of sprays Day at which a treatment imposed No of sprays
T1: spray at 15e20% leaf damage 20, 32, 47, 58 4 18, 30, 48, 62 4
T2: spray at 25% leaf damage 31, 42, 53 3 35, 48, 56 3
T3: spray at 45% leaf damage 36, 54 2 42, 51 2
T4: Calendar based sprays (15-days after plant emergence) 15, 30, 45, 60, 75, 90, 105, 120 8 15, 30, 45, 60, 75, 90, 105, 120 8
T5: Calendar based sprays (30-days after plant emergence) 30, 60, 90, 120 4 30, 60, 90, 120 4
T6: Calendar bases sprays (45-days after plant emergence) 45, 90 2 45, 90 2
T7: Seed treatment (imidacloprid) e e e e
T8: Control (No treatment) e e e e
For treatments 1, 2 and 3, an application of Warrior-II® (lambda cyhalothrin) at the rate of 15 g a.i/ha was sprayed within 12 h after the plot reached mean threshold levels of
15e20, 25 and 45% of leaf damage by P. cruciferae.
For treatments 4, 5 and 6, the above mentioned rates of the same chemical Warrior-II® (lambda cyhalothrin) was applied at the speciﬁed intervals.
For seed treatment (T7) Guacho® (imidacloprid, Bayer Crop Science) at a concentration of 190 mL of the product/45 kg of seed.
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application. Furthermore, there is nomethod available for predicting
the occurrence of economically signiﬁcant spring ﬂea beetle den-
sities, therefore, seed treatment with insecticides is commonly used
for the management of the beetles (Turnock and Turnbull, 1994;
Glogoza et al., 2002; Thomas, 2003). In the Golden Triangle area in
Montana, most canola growers rely on seed treatment and calendar-
based spraying for insecticide applications (Reddy et al., 2014).
However, sometimes this might lead to unnecessary chemical
exposure. Frequent and repeated use of insecticides may hasten the
development of insecticide resistance and is more likely to affect
non-target organisms (pollinators, natural enemies, etc.) to a greater
extent (Hassan et al., 1998; Newstrom-Lloyde, 2013).
The objective of the current study was to explore alternative
treatment schedules to the current practices for the control of
P. cruciferae. The efﬁcacies of treatmentsmade at different leaf injury
levels were evaluated, and compared to calendar-based sprays and
seed treatment in both damage reduction and yield production.
2. Materials and methods
2.1. Field location and agronomic practices
Field trials were conducted in May 2013 at 2 locations in Conrad,
Montana at theWesternTriangleAgricultural ResearchCenter (N48
18.6270 W111 55.4020) and in a grower's ﬁeld (N 48 11.6330 W111
48.2900) near Conrad. The canola variety ‘Nexera 1012’, commonly
grown in the region, was used. Treatment plots were 8 m 4 m and
separated from each other by a 1 m buffer to avoid cross contami-
nation from spray drift. Each plot was comprised of 12 rows, spaced
15.2 cm apart. Canola plants were seeded at the rate of 12 seeds per
30 cmusing a 4 rowplot drill. The plant densitywas 72 plantsm2, or
approximately 576 plants per plot. Roundup® Powermax (glypho-
sate) formulation was applied before seeding at 2.5 L/ha to control
weeds. Weeds, Kochia scoparia (L.) Schrad (Caryophyllales: Amar-
anthaceae), and Amaranthus retroﬂexus (L.) (Caryophyllales: Amar-
anthaceae) were removed manually as needed during the growing
season. Fertilizer was applied at 134.5 kg/ha of nitrogen, 2.5 kg/ha of
phosphorus, 61.6 kg/ha of potassium and 22.4 kg/ha of sulfur.
The time and number of applications are given in the Table 1.
Data on air temperature, relative humidity, wind velocity, and
rainfall prevailing during the experimental period were obtained.
2.2. Experimental design and treatments
Each trial had 8 treatments and 3 blocks, arranged in a ran-
domized complete block design. For treatments 1, 2, and 3, anapplication of Warrior-II® (lambda cyhalothrin, Syngenta, Green-
boro, NC) at the rate of 15 g a.i/ha was sprayed within 12 h after the
plot reached mean threshold levels of 15e20, 25, and 45% of leaf
area damaged by P. cruciferae, respectively. Applications were
repeated when leaf area damage in weekly sampling reached the
threshold in each of the 3 treatments. For treatments 4, 5, and 6, an
application of the same chemical insecticide was applied at 15, 30,
and 45 day intervals after plant emergence, respectively. Lambda-
cyhalothrin was used in this study because it is one of the most
commonly used insecticides by canola growers in the Golden Tri-
angle area. Treatment 7 was a seed treatment using Gaucho®
(imidacloprid, Bayer Crop Science) at a concentration of 190 mL of
the product/45 kg of seed. Treatment 8 was the untreated control
without any insecticide spray or seed treatment. Treatment efﬁ-
cacies were evaluated by both leaf damage and yield production.
2.3. Damage assessment
Leaf area damaged in each plot was determined weekly. In each
plot,1m2was randomly selected (approximately 72 plants in 1m2).
To assess the feeding injuries caused by P. cruciferae, all plants and
leaves within the chosen area (1 m2) were determined by
measuring the amount of leaf area injured by P. cruciferae and
comparing with the total leaf surface area in order to calculate the
percentage of leaf area damaged on each leaf. The leaf area injured
by P. cruciferaewas measured by the 5-grade visual scale as deﬁned
in OEPP/EPPO (2004) with a slight modiﬁcation. The plants were
assessed on a scale from 1¼ (no damage); 2 ¼ 15e20% leaf area
eaten; 3 ¼ 25% leaf area eaten; and 4 ¼ 45% leaf area eaten. We did
not assess the number of P. cruciferae per plant because the adults
are highly mobile. For the 15e20%, 25%, and 45% leaf area damage
treatments and the calendar-based sprays at 15, 30, and 45-day
intervals, a Hudson Never Pump Bak-Pak DC Pump sprayer- 4
Gallon, 60 PSI, Model # 13854, cone nozzle, 739.34 ml. /min ﬂow
was used to apply Lambda-cyhalothrin. The spray volume of
60e100 L/ha were applied at both the locations.
The crop was threshed in late Sept 2013, when 50% of the canola
seeds in the pods were very dark in color. The cut canola was left to
air dry for 7e10 days to allow the seeds to ﬁnish ripening. Wind-
rows were harvested using a Hege 140 plot combine. Yield was
calculated using the plot weight divided by plot area.
2.4. Statistical analysis
All the data were analyzed using PROC GLIMMIX in SAS version
9.3 (SAS Institute 2011). Percentage data (% leaf area damage) were
subjected to arc-sine transformation prior to analysis. Analysis of
Fig. 2. Regression between canola yield and percentage of leaf area damage from
Phyllotreta cruciferae.
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treatments. Means were compared using the least signiﬁcant
square difference (LSD) tests. Values of P  0.05 were considered
signiﬁcant. Linear regression was analyzed using PROC REG to
investigate the correlation between yield production and percent-
age of leaf damage.
3. Results
During the crop growing period, the average temperature was
16.1 C, the average relative humidity was 57.9%, the average wind
speed was 12.0 km/h, and rainfall was 192 mm.
3.1. Percentage of leaf area damaged
Signiﬁcant differences in percentage of leaf area damage were
found among various treatments (F ¼ 10.07; df ¼ 7, 14; P < 0.0001)
at both locations. The untreated control had the highest leaf area
damage the treatment made at the threshold of 15e20% leaf area
damage had the lowest damage, followed by the calendar-based
spray program at 15-day intervals after sowing. Both of these two
treatments had signiﬁcantly lower leaf area damage than the un-
treated control (P  0.05), whereas the other treatments did not
reduce damage by P. cruciferae signiﬁcantly (P > 0.05) (Multiple
comparison LSD test) (Fig. 1).
3.2. Correlation between yield and percentage of leaf area damage
A negative correlation (t ¼ 16.97; df¼ 1; P < 0.001; R2 ¼ 0.5482)
was detected between yield and percentage of leaf area damage
(Fig. 2).
3.3. Effect of treatments on yield
There were signiﬁcant differences among treatments in yield
(F ¼ 6.37; df ¼ 7, 14; P ¼ 0.0091, and all chemical treatments
resulted in signiﬁcantly higher yields than the untreated control)
(Fig. 3) at both the locations. Calendar-based applications made atFig. 1. Cumulative percentage leaf area damage on canola attacked by Phyllotreta
cruciferae in various treatments (Mean ± SE) at two locations (Conrad and WTARC
-Western Triangle Agricultural Research Center). Different letters above the bars
indicate signiﬁcant differences (Two-way ANOVA, LSD test, a ¼ 0.05). 15e20% ¼ spray
at 15e20% leaf area damage (Treatment1); 25% ¼ spray at 25% leaf area damage
(Treatment2); 45% ¼ spray at 45% leaf area damage (Treatment3); 15-day ¼ calendar-
based spray at 15-day intervals (Treatment4); 30-day¼ calendar-based spray at 30-day
intervals (Treatment 5); 45-day ¼ calendar-based spray at 45 day intervals (Treatment
6); Seed Treatment ¼ seed treatment only (Treatment 7); Control ¼ untreated control
(Treatment 8).15 day intervals after sowing had the highest yield; the application
made at the threshold of 15e20% leaf area damage gave the second
highest yield (Fig. 3). However, the difference between treatments
at the 15e20% threshold and the calendar-based spray at 15 day
intervals was not signiﬁcant (F ¼ 0.67; df ¼ 1, 4; P > 0.05). Appli-
cations made at 25% and 45% leaf injuries had equal effects to those
made at 30 and 45 days intervals and seed treatment in yield
(P > 0.05, Multiple comparison LSD test) (Fig. 3).4. Discussion
Insecticides have traditionally been used to control the impor-
tant pests attacking Brassica crops such as Mamestra conﬁgurata
Walker (Lepidoptera: Noctuidae) (Turnock and Phillip, 1977;
Finlayson, 1979; Bracken and Bucher, 1984), Psylliodes chrys-
ocephala (L.) (Coleoptera: Chrysomelidae) (Alford, 1977; Coll, 1991;
Winﬁeld, 1992; Büchs, 1993), Meligethes aeneus F. (Coleoptera,
Nitidulidae) (Nilsson, 1987; Tulisalo and Wuori, 1986; Sivcev et al.,
2012; Ahmed et al., 2013), and Chiasmia assimilis (Warren) (Lepi-
doptera: Geometridae) (Tulisalo et al., 1976; Free et al., 1983).
Economic thresholds, in conjunction with pest monitoring haveFig. 3. Yield of canola in various treatments against Phyllotreta cruciferae (mean ± SE)
Conrad and WTARC -Western Triangle Agricultural Research Center). Different letters
above the bars indicate signiﬁcant differences (Two-way ANOVA, LSD test, a ¼ 0.05).
15e20% ¼ spray at 15e20% leaf area damage (Treatment1); 25% ¼ spray at 25% leaf
area damage (Treatment2); 45% ¼ spray at 45% leaf area damage (Treatment3); 15-
day ¼ calendar-based spray at 15-day intervals (Treatment4); 30-day ¼ calendar-
based spray at 30-day intervals (Treatment 5); 45-day ¼ calendar-based spray at 45
day intervals (Treatment 6); Seed Treatment ¼ seed treatment only (Treatment 7);
Control ¼ untreated control (Treatment 8).
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especially for the control of M. aeneus (Nilsson, 1987), C. assimilis
(Tulisalo et al., 1976; Free et al., 1983), and P. cruciferae in Finland
(Augustin et al., 1986).
From an agronomic point of view, the return to the producer
depends not only on the yield, but also on the harvestability and
quality of the seed (Lamb, 1989). Carbaryl was reported to be
effective in controlling the ﬂea beetles in canola (Weiss et al., 1991).
However, carbaryl has a 14 day harvest interval, which could pre-
clude its use on crops that are being harvested frequently or at a
young age, as are many brassicas (Andersen et al., 2006). Canola
was harvested for its seeds. Repeated applications of carbaryl are
often needed in order to keep ﬂea beetles below economic injury
levels, leading to the development of resistance by ﬂea beetles to
this chemical (Turnock and Turnbull, 1994). In Montana, growers
often use synthetic pyrethroids to control ﬂea beetles, especially
P. cruciferae (Desneux et al., 2007). Lambda cyhalothrin, a
commonly used pyrethroid insecticide, disrupts the normal func-
tioning of the nervous system in an organism, causing paralysis or
death (He et al., 2008). In addition, it has a repellent property
against insects (He et al., 2008) including predators (Irungu, 2007)
and parasitoids (Tillman, 2008) while the response of entomopa-
thogenic nematodes to this agrochemical is species and strain
speciﬁc (Laznik and Trdan, 2014).
Seed treatment with or without fungicides is a more targeted
way of controlling ﬂea beetles, providing a signiﬁcant increase in
potential yield (Canola Council of Canada (2007)). Seed treatments
that provide the longest ﬂea beetle protection usually ensure the
best seedling establishment, highest plant weight, and highest seed
yield. Differences among insecticidal seed treatments were greater
when ﬂea beetle infestations were higher than when infestations
were low (Elliot et al., 2004). Imidacloprid is one of the risk-reduced
compounds that has very low toxicity tomammals and little impact
on non-target organisms (Andersen et al., 2006). This reduced risk
insecticide has long been used for seed treatment of canola and has
been successfully used to control ﬂea beetles (Doyle et al., 2001;
Kuhar et al., 2002). However, there are concerns of potential
adverse effects of imidacloprid on honey bees, Apis mellifera (L.)
(Hymenoptera: Apidae). Several studies indicated that chronic
exposure to concentrations of imidacloprid at the same amount of
those found in seed treatments cause insigniﬁcant risks to honey
bees (Schmuck et al., 2001; Maus et al., 2003; Schmuck, 2004;
Faucon et al., 2005; Nguyen et al., 2009). Contrastingly, the labo-
ratory studies showed that honey bees rejected imidacloprid
contaminated food at 20 ppb (Kirchner, 1999). Suchail et al. (2001)
reported high chronic toxicity in honey bees fed low concentrations
of imidacloprid.
The amount of defoliation is often used as a guide to determine
the need to take action for ﬂea beetle control (Lyseng, 2013). Flea
beetles that attack the early growth stages of canola are usually
controlled with systemic insecticides such as imidacloprid applied
as a seed dressing or as in-furrow granules. Contrastingly, in our
study, the seed treatment did not provide as a high yield of canola
as the foliar insecticide treatments (Fig. 3).
While the foliar application of lambda cyhalothrin provided
better control of ﬂea beetles by reducing the number of feeding
wounds in the leaf surface more than the seed treatment with
imidacloprid, the seed treatment shows better yield than the un-
treated control. Lambda cyhalothrin is also compatible with most
other insecticides and fungicides and could be applied together
with other pesticides while still maintaining its efﬁcacy (Gough and
Wilkinson,1984). The advantage of lambda cyhalothrin is that it has
been found to be effective at low application rates against insect
pests on many different crops. It may also moderately persist in the
soil environment. The ﬁeld half-life of this insecticide ranges from 4to 12 weeks (Wauchope et al., 1992). Agnihotri et al. (1997) stated
that residues of lambda cyhalothrin become non-detectable on the
60th day after application and there is no leaching of residues
beyond a depth of 15 cm when soil was continually irrigated.
However, for aquatic ecosystems, lambda cyhalothrin was still
found to exceed the standard level, which may cause the adverse
health effects on people using the water and on aquatic environ-
ments (Elfman et al., 2011).
Imidacloprid is a systemic insecticide which has been used as a
seed treatment for controlling many insect pests including wire-
worms (Oregon Pesticide Applicator Training Manual, 2001).
Lenssen et al. (2007) reported that canola ﬁelds without seed
treatments showed more damage than those with imidacloprid
seed treatment, which was similar to our observations. Imidaclo-
prid seed treatment has been used for pest control in many crops,
including corn and potato. Lamb and Turnock (1982) reported that
systemic seed treatments were more effective than foliar sprays
against sudden and unpredictable invasions of ﬂea beetles, espe-
cially in spring. There are some limitations to insecticidal seed
treatments, such as the limited dose capacity, limited duration of
protection, and possible phytotoxicity to treated seeds. The dura-
tion of protection is usually determined by howmuch of the active
ingredients actually adhere to the seed, and the extent of dilution
and speed of breakdown of the chemical as the plant grows.
Moreover, because seed treatments must have high concentrations
on the tender tissues of germinating seeds and seedlings, theymust
have very low phytotoxicity (Oregon Pesticide Applicator Training
Manual, 2001). Even so, some insecticidal seed treatments may
reduce the length of the sprout (for example corn), thereby inﬂu-
encing planting depth (Oregon Pesticide Applicator Training
Manual, 2001). Furlan et al. (2006) found that imidacloprid seed
treatment was ineffective in controlling the Western corn root-
worm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrys-
omelidae), in maize. In the current study, seed treatment with
imidacloprid did not signiﬁcantly reduce leaf injuries by
P. cruciferae (Fig. 1); however, it gave better yields than the un-
treated controls, although not signiﬁcantly higher than those from
the foliar applications with lambda cyhalothrin (Fig. 3).
Possibly the imidacloprid seed treatment did not perform as
well as expected in controlling the ﬂea beetles because its effec-
tiveness was not maximized due to inadequate farming practice. To
enhance seed treatment effectiveness, seed canola should be placed
into warm soil (5 C or higher). The proper depth of seed should be
1e2 cm to ensure rapid emergence (Canola Council of Canada
(2007)). Plants were seeded 0.635 cm in depth in this study,
because in the Golden Triangle area, soil temperature in May
ranged from 1 to 4 C, and the soil was hard when the canola was
seeded. The cool soil temperature, combined with the shallow
sowing, was likely to have prolonged the time required for the crop
to grow beyond the vulnerable early-seedling stage. If canola ger-
minates but stays below ground for 14 days or longer before
emerging due to cool soil, the likelihood that seed treatment pro-
tectionwill diminish before the canola crop advances beyond the 4-
leaf stage is greatly increased (Canola Council of Canada (2007)).
Another factor which may contribute to the low effectiveness of
seed treatment in our experiment was that the rate of insecticide
used for seed treatment was too low. Knodel et al. (2008) demon-
strated that ﬂea beetle (Phyllotreta spp.) injury ratings declined
when a high rate of insecticide for seed treatment was used. From
their experiment, the rate of 8 g/1 kg of imidacloprid seed treat-
ment lowered the P. cruciferae damage signiﬁcantly compared to
the rate of 4 g/1 kg of seeds. Seed treatments typically have an
effective residue of 21 days against P. cruciferae feeding injury
(Knodel and Olson, 2002). Because of that, the canola crop might be
vulnerable when crop emergence or growth is delayed or peak
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window of protection (Knodel et al., 2008). However, our study was
in agreement with Knodel et al. (2008) and Dosdall and Stevenson
(2005), in which less ﬂea beetle damage was found on plants
treated with insecticide seed treatment than on plants without an
insecticide seed treatment.
Our study showed that a calendar-based program at 15-day
intervals resulted in signiﬁcantly higher yields compared to other
treatments, except for the threshold-based spray at 15e20% leaf
damage (Fig. 1). Interestingly, this calendar-based program (15-day
interval) had signiﬁcantly more leaf damage than 15e20%
threshold-based treatment though not a signiﬁcantly greater yield.
This may be explained by various factors. For example, the canola
plants in plots treated on a calendar based might have had better
ability to outgrow damage by P. cruciferae after bolting than plots
treated based on threshold levels. In general, however, a negative
correlation was indicated between yield level and leaf damage
(Fig. 2). On the other hand, Trdan et al. (2005) reported that sta-
tistically signiﬁcant and positive correlation between leaf damage
and number of ﬂea beetles (Phyllotreta spp.) on white and Chinese
cabbage. The authors also reported that Phyllotreta spp were less
favorable for the crop with regards to the weather conditions
(drought and high air temperatures). Toshova et al. (2009) reported
that air temperature and humidity strongly inﬂuenced the allyl-
isothiocyanate-baited trap catches of ﬂea beetles on cabbage and
horse-radish crops. Studies by Gao et al. (2005) showed the tem-
perature and wind orientation had signiﬁcantly positive correla-
tions with the dispersion of Phyllotreta striolata and humidity
weakly inﬂuenced their activity. The negative correlation between
yield and leaf damage found in our study could be due to low
temperatures having a negative effect on populations. Our results
agree with Cagak et al. (2006) and Gao et al. (2005) who reported
that low temperatures in the winter and high temperatures in the
warm season had a negative effect on populations of ﬂea beetles.
Additionally, Shukla and Kumar (2003) demonstrated that
P. cruciferae populations were negatively correlated with mean
temperature and positively correlatedwithmean relative humidity.
Although calendar-based application at 15-day intervals
showed lower damage and higher yield, it did not differ signiﬁ-
cantly from the treatment made at 15e20% leaf damage. This in-
dicates that there was no necessity to spray every 15 days. It is thus
advisable to spray when leaf area damage reaches 15e20%, to
reduce numbers of chemical applications. Knodel and Olson (2002)
proposed that the threshold for foliar application should be at 25%
leaf damage. However, the economic injury level proposed by them
was a nominal threshold injury level, and no experiment was
conducted to test on that nominal threshold.
The information generated on the nominal threshold level for
P. cruciferae from the current study is important and timely as the
management of ﬂea beetles has become more challenging.
Research on alternative possible methods for controlling/deterring
ﬂea beetles has been underway for many years but no effective
control method has been identiﬁed to date. Our previous studies
(Reddy et al., 2014) revealed that combined use of the entomo-
pathogens such as Beauveria bassiana (Bals.-Criv.) Vuill. GHA and
Metarhizium brunneum (Metchnikoff) Sorokin F52 in two repeated
applications was effective in reducing feeding injuries by
P. cruciferae and improving yields of canola. However, the combined
use here of two commercialized fungal preparations from differing
manufacturers may present some sort of impediment to the ready
adoption of this recommended treatment. It is possible that a
concerted screening of a range of isolates of B. bassiana and
M. brunneum from established culture collections might yield a
pairing of fungal isolates that could be at least as effective as those
tested here, and that could then be produced locally or evencommercially as a new biocontrol product after appropriate. The
applications of entomopathogenic nematodes (Steinernema carpo-
capsae Stanuszek All and Heterorhabditis indica Poinar, Karunakar&
David LN2) were capable of controlling P. striolata populations
when applied at least at 0.75  109 IJs ha1 (Yan et al., 2013).
Nevertheless, in the context of an integrated approach the cost
beneﬁt ratio for the control of ﬂea beetles needs further ﬁeld
studies. While, azadirachtin was reported to control adult pop-
ulations of P. striolata (He and Xu, 2005), the results by Yan et al.
(2013) indicated that azadirachtin alone was not effective for pre-
venting crop injury by P. striolata. There have been some studies on
the use of trap crops for ﬂea beetles (Bohinc and Trdan, 2013) but
no single ideal trap crop has been effective to date (Bohinc et al.,
2013).
In summary, this study has established a threshold for control of
P. cruciferae on canola, especially in Montana, i.e., an average of
15e20% leaf area damaged. This study may help canola growers
decide when to apply insecticides, and if control is justiﬁed. Using
this threshold, canola growers can minimize the numbers of spray
applications for crucifer ﬂea beetles, representing a step forward in
timing insecticide applications compared to calendar or preventive
conventional spray schedules. Not only will this save growers
money, it may slow down the development of resistance that might
occur when ﬂea beetles are exposed to frequent insecticide
applications.
Acknowledgments
This study was supported by USDA-National Institute of Food
and Agriculture Hatch (#MONB00859). We greatly appreciate Mr.
Steve Keil, KB Farming, Conrad, MT for allowing us to use his canola
ﬁeld to conduct the experiments. We also thank Dr. Sindhu Krish-
nankutty for taking pictures that were used in the graphical ab-
stract in this paper.
References
Agnihotri, N.P., Gajbhiye, V.T., Srivastava, K.P., 1997. Persistence of lambda cyhalo-
thrin in soil. Indian J. Entomol. 59, 11e14.
Ahmed, N., Englund, J.E., Ahman, I., 2013. Does insecticide application in a winter
oilseed rape ﬁeld inﬂuence the abundance of pollen beetle Meligethes aeneus in
nearby ornamental ﬂowers and vegetables? Pest Manag. Sci. 69, 1253e1260.
Alford, D.V., 1977. Chemical control of the cabbage stem ﬂea beetle, Psylliodes
chrysocephala, on winter oil-seed rape. Ann. Appl. Biol. 85, 369e374.
Andersen, C.L., Hazzard, R., Van Driesche, R., Mangan, F.X., 2006. Alternative man-
agement tactics for control of Phyllotreta cruciferae and Phyllotreta striolata
(Coleoptera: Chrysomelidae) on Brassica rapa in Massachusetts. J. Econ. Ento-
mol. 99, 803e810.
Augustin, A., Tulisalo, U., Korpela, S., 1986. Flea beetles (Coleoptera: Chrysomelidae)
(Halticinae) on rapeseed and sugar beet in Finland. J. Agric. Sci. Finl. 58, 69e82.
Bohinc, T., Trdan, S., 2013. Sowing mixtures of Brassica trap crops is recommended
to reduce Phyllotreta beetles injury to cabbage. Acta Agric. Scand. Sect. B e Soil
Plant Sci. 63, 297e303.
Bohinc, T., Kosir, I.J., Trdan, S., 2013. Glucosinolates as arsenal for defending Bras-
sicas against cabbage ﬂea beetle (Phyllotreta spp.) attack. Zemdirb.-Agric. 100,
199e204.
Bracken, G.K., Bucher, G.E., 1984. Measuring the cost-beneﬁt of control measures for
bertha armyworm (Lepidoptera: Noctuidae) infestations in rapeseed. Can.
Entomol. 116, 591e595.
Büchs, W., 1993. Investigations on the occurrence of pest insects in oil seed rape as a
basis for the development of action thresholds, concepts for prognosis and
strategies for the reduction of the input of insecticides. IOBC-WPRS Bull. 169,
216e234.
Burgess, L., 1977. Flea beetles (Coleoptera: Chrysomelidae) attacking rape crops in
the Canadian Prairie Provinces. Can. Entomol. 109, 21e32.
Burgess, L., 1981. Winter sampling to determine overwintering sites and estimate
density of adult ﬂea beetle pests of rape (Coloptera: Chrysomelidae). Can.
Entomol. 113, 441e447.
Cagak, L., Toth, P., Tothova, M., 2006. Population dynamics of Chaetocnema tibialis
Illiger and Phyllotreta vittula (Redtenbacher) on the weed Amaranthus retroxexus
L. and cultivated Amaranthus caudatus L. Plant Prot. Sci. 42, 73e80.
Canola Council of Canada, 2007. Growing Canola. Canola Council of Canada. http://
canola-council.org/icp. Aspx.
K. Tangtrakulwanich et al. / Crop Protection 66 (2014) 8e13 13Coll, C., 1991. Insect Pests of Oilseed Rape in Scotland. Technical Note- Scottish
Agricultural Colleges, Perth, UK, 6 pp.
Desneux, N., Decourtye, A., Delpuech, J.M., 2007. The sublethal effects of pesticides
on beneﬁcial arthropods. Annu. Rev. Entomol. 52, 81e106.
Doyle, P., Stypa, M., Schneidersmann, F., Ramachandran, R., 2001. New generation
seed treatment products for canola (Brassica napus, B. campestris) and mustard
(Sinapsisalba, Brassica juncea). In: Biddle, A.J. (Ed.), BCPC Symp. Proc. No. 76:
Seed Treatment: Challenges and Opportunities, 25e27 February 2001, Wishaw,
North Warwickshire, United Kingdom. BCPC Publishing, Berkshire, United
Kingdom, pp. 173e180.
Dosdall, L.M., Stevenson, F.C., 2005. Managing ﬂea beetles (Phyllotreta spp.) (Cole-
optera: Chrysomelidae) in canola with seeding date, planting density, and seed
treatment. Agron. J. 97, 1570e1578.
Elfman, L., Tooke, N.E., Patring, J.D.M., 2011. Detection of pesticides used in rice
cultivation in streams on the island of Leyte in the Philippines. Agric. Water
Manag. 101, 81e87.
Elliot, R.H., Mann, L.W., Olfert, O.O., 2004. Effect of Seed Treatments on Flea Beetle
Damage and Agronomic Performance of Argentine Canola, Brassica napus, in
2001e2003. Canola Council of Canada, Winnipeg, MB, Canada. Canola Council
of Canada Technical Report.
Faucon, J.P., Aurieres, C., Drajnudel, P., Ribiere, M., Martel, A.C., Zeggane, S.,
Chauzat, M.P., Aubert, M.F.A., 2005. Experimental study on the toxicity of imi-
dacloprid given in syrup to honey bees (Apis mellifera). Pest Manag. Sci. 61,
111e125.
Finlayson, D.G., 1979. Combined effects of soil-incorporated and foliar applied in-
secticides in bed-system production of Brassica crops. Can. J. Plant. Sci. 59,
399e410.
Free, J.B., Ferguson, A.W., Winﬁeld, S., 1983. Effect of various levels of infestation by
the seed weevil (Ceuthorrhynchus assimilis Payk.) on the seed yield of oil-seed
rape (Brassica napus L.). J. Agric. Sci. 101, 589e596.
Furlan, L., Canzi, S., Di Bernardo, A., Edwards, C.R., 2006. The ineffectiveness of
insecticide seed coatings and planting-time soil insecticides as Diabrotica vir-
gifera virgifera LeConte population suppressors. J. Appl. Entomol. 130, 485e490.
Gao, Z., Wu, W., Cui, Z., Liang, G., 2005. Effects of environmental factors on Phyl-
lotreta striolata dispersion. Chin. J. Appl. Ecol. 16, 1082e1085.
Glogoza, P., McMullen, M., Zollinger, R., Thostenson, A., Dejong, T., Meyer, W.,
Schauer, N., Olson, J., 2002. Pesticide Use and Pest Management Practices for
Major Crops in North Dakota 2000. North Dakota State University, Fargo, ND.
North Dakota State Univ. Coop. Ext. Serv. Publ. ER-79.
Gough, H.J., Wilkinson, W., 1984. PP321-Effect on Honey Bees, vol. 1, pp. 331e335.
British Crop Prot. Conf. Pests and Diseases.
Hassan, S.A., Haves, B.O., Degrande, P.E., Herai, K., 1998. The side-effects of pesti-
cides on the egg parasitoid Trichogramma cacoeciae Marchal (Hym., Trichog-
rammatidae), acute dose e response and persistence tests. J. Appl. Entomol.
122, 569e573.
He, D., Xu, H., 2005. Control effect of azadirachtin against striped ﬂea beetle Phyl-
lotreta striolata (F.). Mod. Agric. 10, 4.
He, L.M., Troiano, J., Wang, A., Goh, K., 2008. Environmental chemistry, ecotoxicity,
and fate of lambda-cyahalothrin. Rev. Environ. Contam. Toxicol. 195, 71e91.
Irungu, R.W., 2007. Effects of Spinosad and Lambda-cyhalothrin on Their Targets,
Cabbage Looper, Trichoplusia ni and Diamondback Moth, Plutella xylostella, and
on Their non-targets, Spiders, on Cabbage in South Texas. Texas A&M Univer-
sity, College Station, TX (M.S. thesis).
Kirchner, W.H., 1999. Mad- bee disease? Sublethal effects of imidacloprid (Gaucho)
on the behavior of honey bees. Assoc. of Inst. of Bee Res., 50 year Aniversary
1949e1999. Apidologie 30, 422e423. Reports of the 46th Seminar in Marbury,
23e25 March 1998.
Knodel, J.J., Olson, D.L., 2002. Biology and Integrated Pest Management of the
Crucifer Flea Beetle in Canola. North Dakota State University, Fargo, ND. North
Dakota State Univ. Coop. Ext. Serv. Publ. E1234.
Knodel, J.J., Olsson, D.L., Hanson, B.K., Henson, R.A., 2008. Impact of planting dates
and insecticide strategies for managing Crucifer ﬂea beetles (Coleoptera:
Chrysomelidae) in spring planted canola. J. Econ. Entomol. 101, 810e821.
Kuhar, T.P., Stivers- Young, L.J., Hoffmann, M.P., Taylor, A.G., 2002. Control of corn
ﬂea beetle and Stewart's wilt in sweet corn with imidacloprid and thiame-
thoxam seed treatments. Crop. Prot. 21, 25e31.
Lamb, R.J., 1988. Assessing the susceptibility of crucifer seedlings to ﬂea beetle
(Phyllotreta spp.) damage. Can. J. Plant Sci. 68, 85e93.
Lamb, R.J., 1989. Entomology of oilseed Brassica crops. Annu. Rev. Entomol 34,
211e229.
Lamb, R.J., Turnock, W.J., 1982. Economics of insecticidal control of ﬂea beetles
(Coleoptera: Chrysomelidae) attacking rape in Canada. Can. Entomol. 114,
827e840.
Laznik, Z., Trdan, S., 2014. The inﬂuence of insecticides on the viability of ento-
mopathogenic nematodes (Rhabditida: Steinernematidae and Hetero-
rhabditidae) under laboratory conditions. Pest Manag. Sci. 70, 784e789.
Lenssen, A.W., Johnson, G.D., Blodgett, S.L., Goosey, H.B., 2007. Inﬂuence of tillage
system, oilseed species and insecticidal seed treatment on ﬂea beetle(Coleoptera: Chrysomelidae) damage, oilseed production and post-harvest
residue cover. J. Entomol. Sci. 42, 1e10.
Lyseng, R., 2013. Timing Critical when Deciding when to Spray for Flea Beetles:
Assess the Level of Damage. http://www.producer.com/2013/06/timing-critical-
when-deciding-when-to-spray-for-ﬂea-beetles/.
Madder, D.J., Stermeroff, M., 1988. The economics of insect control on wheat, corn,
and canola, 1980e1985. Bull. Entomol. Soc. Can. 20 (Suppl.), 1e22.
Maus, C., Cure, G., Schmuck, R., 2003. Safety of imidacloprid seed dressings to honey
bees: a comprehensive overview and compilation of the current state of
knowledge. Bull. Insectol. 56, 51e57.
Newstrom-Lloyde, L.E., 2013. Pollination in New Zealand, pp. 408e431. In:
Dymond, J.R. (Ed.), Ecosystem Services in New Zealand: Conditions and Trends.
Landcare Research, Lincoln, New Zealand.
Nguyen, B.K., Saegerman, C., Pipard, C., Mignon, J., Widart, J., Thirionet, B.,
Verheggen, F.J., Berkvens, D., De Pauw, Huabruge, E., 2009. Does imidacloprid
seed-treated maize have an impact on honey bee mortality? J. Econ. Entomol.
102, 616e623.
Nilsson, C., 1987. Yield losses in summer rape caused by pollen beetles (Meligethes
spp.). Swed. J. Agric. Res. 17, 105e111.
Oregon Pesticide Applicator Training Manual, 2001. http://oregon.gov/ODA/PEST?
docs/pdf/seedstudy.
OEPP/EPPO, 2004. Efﬁcacy Evaluation of Insecticides. Phyllotreta spp. on rape,
pp. 242e244. OEPP/EPPO Bull. PP 1/218.
Reddy, G.V.P., Tangtrakulwanich, K., Wu, S., Miller, J.H., Ophus, V.L., Prewett, J., 2014.
Sustainable management tactics for control of Phyllotreta cruciferae (Coleoptera:
Chrysomelidae) on canola in Montana. J. Econ. Entomol. 107, 661e666.
SAS Institute, 2011. SAS/STAT User's Guide, Version 9.3 for Windows. SAS Institute,
Cary, NC.
Schmuck, R., Schoening, R., Stork, A., Schramel, O., 2001. Risk posed to honey bees
(Apis mellifera L., Hymenoptera) by an imidacloprid seed dressing of sunﬂowers.
Pest Manag. Sci. 57, 225e238.
Schmuck, R., 2004. Effects of a chronic dietary exposure of the honey bee Apis
mellifera (Hymenoptera: Apidae) to imidacloprid. Arch. Environ. Contam. Tox-
icol. 47, 471e478.
Shukla, A., Kumar, A., 2003. Seasonal incidence of ﬂea beetle Phyllotreta cruciferae
(Goeze.) infesting cabbage. Plant Prot. Bull. Faridabad 55, 20e22.
Sivcev, L., Graora, D., Sivcev, I., Buchs, W., Culjak, I., Juran, V., Tomic, V., Dudic, B.,
2012. Pests of oilseed rape in northern Serbia. In: Intl. Symp. Proc.: Current
Trends in Plant Prot., 25-28-IX- 2012, Belgrade, Serbia, pp. 511e515.
Suchail, S., Guez, D., Belzunces, L.P., 2001. Discrepancy between acute and chronic
toxicity induced by imidacloprid and its metabolites in Apis mellifera. Environ.
Toxicol. Chem. 20, 2482e2486.
Thomas, P., 2003. Canola Growers Manual. Canola Council of Canada, Winnipeg,
Manitoba, Canada.
Tillman, G., 2008. Laboratory effects of two organically certiﬁed insecticides on
Trichopoda pennipes (Diptera: Tachinidae). J. Entomol. Sci. 43, 408e417.
Toshova, T.B., Csonka, _E., Subchev, M.A., Toth, M., 2009. The seasonal activity of ﬂea
beetles in Bulgaria. J. Pest Sci. 82, 295e303.
Trdan, S., Valic, N., Znidarcic, D., Vidrih, M., Bergant, K., Zlatic, E., Milevoj, L., 2005.
The role of Chinese cabbage as a trap crop for ﬂea beetles (Coleoptera: Chrys-
omelidae) in production of white cabbage. Sci. Hortic. 106, 12e24.
Tulisalo, U., Korpela, S., Pohto, A., 1976. The yield loss caused by the seed pod weevil
Ceuthorrhynchus assimilis Payk. (Col., Curculionidae) on summer turnip rape in
cage experiments. Ann. Entomol. Fenn. 42, 98e102.
Tulisalo, U., Wuori, T., 1986. Blossom beetle (Meligethes aeneus Fab.) as a yield factor
in turnip rape (Brassica campestris L. J. Agric. Sci. Finl. 58, 221e237.
Turnock, W.J., Phillip, H.G., 1977. The outbreak of bertha armyworm Mamestra
conﬁgurata (Noctuiidae: Lepidoptera) in Alberta, 1971 to 1975. Manit. Entomol.
11, 10e21.
Turnock, W.J., Turnbull, S.A., 1994. The development of resistance to insecticides by
the crucifer ﬂea beetle, Phyllotreta cruciferae (Goeze). Can. Entomol. 123,
1369e1375.
Waite, D.T., Gurprasad, N.P., Sprotjll, J.F., Quiring, D.V., Kotylak, M.W., 2001. Atmo-
spheric movements of lindane (y-hexachlorocyclohexane) from canola ﬁelds
planted with treated seed. J. Environ. Qual. 30, 768e775.
Wauchope, R.D., Buttler, T.M., Hornsby, A.G., Augustijn-Beckers, Burt, J.P., 1992. SCS/
ARS/CES pesticide properties database for environmental decision making. Rev.
Environ. Comtam. Toxicol. 123, 1e155.
Westdal, P.H., Romanow, W., 1972. Observations on the biology of the ﬂea beetle
Phyllotreta cruciferae (Coleoptera: Chrysomelidae). Manit. Entomol. 6, 35e45.
Winﬁeld, A.L., 1992. Management of oilseed rape pests in Europe. Agric. Zool. Rev. 5,
51e95.
Weiss, M.J., McLeond, P., Schatz, B.G., Hanson, B.K., 1991. Potential for insecticidal
management of ﬂea beetle (Coleoptera: Chrysomelidae) on canola. J. Econ.
Entomol. 84, 1597e1603.
Yan, X., Han, R., Moens, M., Chen, S., De Clercq, P., 2013. Field evaluation of ento-
mopathogenic nematodes for biological control of striped ﬂea beetle, Phyllo-
treta striolata (Coleoptera: Chrysomelidae). Biocontrol 58, 247e256.
